Abstract
Introduction
Amylase is an exocrine enzyme that is produced by pancreatic acinar cells. The elevated serum amylase levels are widely used as screening test for acute pancreatitis in clinical practice [1, 2] . Moreover, serum amylase levels are also elevated in other conditions, including diabetic ketoacidosis [3, 4] and renal insufficiency [5, 6] . Low serum amylase levels are observed in individuals with chronic pancreatitis [7] .
Recent studies showed that the serum amylase levels may be associated with endocrine and metabolic diseases [8, 9] . Low serum amylase levels were associated with increased risks of metabolic abnormalities, metabolic syndrome and diabetes. A previous study by Muneyuki et al. [10] of asymptomatic middle-aged adults showed that low serum amylase levels were associated with decreased basal insulin levels and insulin secretion, as well as increased insulin resistance. However, the relationship between the serum amylase levels and islet β cell function in type 2 diabetes has not been fully elucidated.
Insulin secretion and insulin sensitivity could be quantified with the hyperglycemic and euglycemic insulin clamp techniques, respectively [11] . However, these techniques are so timeconsuming and labor intensive that they are difficult to apply in clinical practices. Surrogate measures of insulin secretion and insulin sensitivity have been derived from the oral glucose tolerance test (OGTT). The insulin sensitivity index of Matsuda (ISI Matsuda ) from the OGTT is a validated measure of whole body insulin sensitivity [12] . The ratio of total area-under-theinsulin-curve to glucose-curve (AUC ins/glu ) is a reasonable estimate of insulin secretion [13] . The product of insulin secretion and sensitivity (ISI Matsuda multiplied by AUC ins/glu ), also termed the Insulin Secretion-Sensitivity Index-2 (ISSI-2), is a useful marker of integrated islet β cell function [13, 14] . As a composite measure, ISSI-2 may be a better index to reflect islet β cell function than either ISI Matsuda or AUC ins/glu alone.
The present study we designed was to investigate the relationship between the serum amylase levels and islet β cell function in patients with type 2 diabetes, as assessed by ISSI-2.
Methods

Ethics statement
The study was approved by the Institutional Review Board of the Second Affiliated Hospital of Nantong University, and written informed consent was obtained from all participants.
Study design and participants
This cross-sectional study was conducted in patients with type 2 diabetes at the Endocrinology Department of the Second Affiliated Hospital of Nantong University and the Second People's Hospital of Nantong from January 2011 to December 2015. The inclusion criteria were: diagnosis of type 2 diabetes based on the ADA diagnostic criteria 2011 [15] , less than 7 years since the diagnosis of diabetes, current treatment with lifestyle intervention alone for more than 3 months, and serum amylase levels in the normal range of 10-150 U/L. The exclusion criteria were: current treatment with hypoglycemic agents, type 1 diabetes, testing positive for glutamic acid decarboxylase antibody or insulin antibody, diuretic use, chronic hepatic disease, chronic kidney disease, malignancy, excessive drinking (alcohol consumption of more than 40 g of ethanol daily for women and 60 g daily for men), acute complications, such as diabetic ketoacidosis, and other disorders affecting glucose metabolism, such as hyperthyroidism. S1 STROBE Checklist had provided the STROBE checklist for the cross-sectional study.
Body mass index (BMI), systolic blood pressure (SBP) and diastolic blood pressure (DBP) were measured in all participants. SBP140 mmHg, DBP90 mmHg, or patients who were receiving hypertensive treatment were considered hypertensive.
OGTT procedures
As previously described in detail [16] , the 75-g OGTT was performed in the early morning after an overnight fast. Blood samples were taken at 0, 30, 60, 90, and 120 min to measure the serum glucose and insulin levels (glucose unit: mmol/L, insulin unit: miu/L). The insulin sensitivity index was estimated by the ISI Matsuda : ISI Matsuda = 10000/square root of (Ins0 × Glu0) × (mean glucose × mean insulin during OGTT) [12] . The insulin secretion index was calculated from the ratio of total area-under-the-insulin-curve to area-under-the-glucose-curve (AUC ins/glu ) using the trapezoidal rule [13] . Integrated islet β cell function was assessed by the Insulin SecretionSensitivity Index-2 (ISSI-2; ISI Matsuda multiplied by AUC ins/glu ) [13, 14] .
Laboratory examination
Blood samples for the biochemical tests were also obtained in the morning after an overnight fast. HbA1c was measured by high performance liquid chromatography (D-10 Testing Program, Bio-Rad). The serum insulin assay used a magnetic bead-based enzymatic spectrofluorometric immunoassay with an automatic enzyme immunoassay apparatus (AIA360, TOSOH). The serum glucose, total cholesterol (TC), triglyceride (TG), high-density lipoprotein cholesterol (HDLC), low-density lipoprotein cholesterol (LDLC), uric acid (UA) and serum creatinine (Scr) levels were measured with Hitachi Model 7600 Series Automatic Analyzer. The glomerular filtration rate (eGFR) was estimated using the Modification of Diet in Renal Disease (MDRD) Study equation (eGFR = 175×(standardized Scr) - 
Statistical analyses
Data analyses were performed using the SPSS 16.0 statistical software (SPSS Inc., USA). The total participants were divided into four subgroups according to the quartiles of the serum amylase levels. Continuous variables were expressed as the means ± standard deviation (SD) or medians (interquartile range) in the case of skewed distributions. Categorical variables were described as frequencies (percentages). Logarithmic transformations were applied in non-normally distributed variables for further analyses.
The one-way analysis of variance (ANOVA) test was applied to compare differences in the continuous variables between the quartiles of the serum amylase levels. The Chi-squared test was applied to compare categorical variables between the four groups. The correlation between the serum amylase levels and islet β cell function indices were analyzed with Pearson's correlations and the partial correlation test.
Multiple stepwise linear regression analyses were conducted to investigate the association of ISSI-2 and other metabolic factors as the independent variables with the serum amylase levels as the dependent variable. Meanwhile, the mean differences (B[95% CI]) in ISSI-2 between the quartiles of the serum amylase levels were also investigated using a multivariate linear regression analysis. The lowest quartile of the serum amylase levels was used as a reference. p<0.05 was considered statistically significant.
Results
Clinical characteristics of the participants
A total of 2327 patients with a mean of 1.71±1.62 years since the diagnosis of type 2 diabetes were enrolled in the study, and all participants were treated with lifestyle intervention alone. The clinical characteristics of the participants, according to the serum amylase quartiles, were shown in Table 1 , and the distribution of the serum amylase levels was shown in Fig 1. The mean serum amylase level among all the participants was 43.4±15.3 U/L. The quartiles of the , and the HbA1c levels were 8.22±1.19%. The prevalences of hypertension, smoking and moderate drinking in the participants were 25.5% (n = 594), 26.6% (n = 619) and 17.2% (n = 400), respectively. As the quartiles of the serum amylase levels increased, the female percentage, BMI, TG, eGFR and HbA1c levels were significantly decreased, whereas the age, Scr and UA levels were increased. The time since the diagnosis of diabetes, SBP, DBP, percentages of hypertension and moderate drinking, and TC, HDLC and LDLC levels did not show differences among the quartiles of the amylase levels, with the exception of the percentage of smoking compared to the amylase quartiles (Table 1) . Serum glucose, insulin and islet β cell function indices from the OGTT The statistical comparisons of the measurements characterizing the plasma glucose and insulin levels during the OGTT were summarized in Table 2 . The serum glucose levels at baseline, 30, 60, 90 and 120 min were significantly decreased from the lowest to highest quartiles of the serum amylase levels (p value for the trend <0.001). There were no differences in the serum insulin levels at baseline among the four subgroups (p value for the trend = 0.190), whereas the insulin levels were significantly increased at 30, 60, 90 and 120 min from the lowest to highest quartiles of the serum amylase levels (p value for the trend <0.001). S1-S3 Figs showed the skewed distributions of the insulin sensitivity index (ISI Matsuda ), insulin secretion index (AUC ins/glu ) and integrated islet β cell function (ISSI-2). When these indices were log-transformed, logISI Matsuda , logAUC ins/glu and logISSI-2 presented normal distributions (S4-S6 Figs). ISI Matsuda , AUC ins/glu and ISSI-2 were significantly increased as the quartiles of the serum amylase levels increased (p value for the trend <0.001; Table 2 ).
Relationships between the serum amylase levels, β cell function indices and metabolic risk factors Table 3 showed the correlations between the serum amylase levels, β cell function indices and metabolic risk factors. Serum amylase levels in the normal range were positively correlated with age and the UA levels (r = 0.098, and 0.125, respectively, p<0.05) and were negatively correlated with BMI, TG levels, HbA1c levels, and eGFR (r = -0.077, -0.073, -0.267 and -0.214, respectively, p<0.05). The correlations between the serum amylase levels and the β cell Multivariate linear stepwise regression analysis with the amylase levels as the dependent variable
The association of the serum amylase levels with ISSI-2 was closer than the association with ISI Matsuda and AUC ins/glu ; therefore, a multivariate linear stepwise regression analysis was further performed to assess the association of ISSI-2 and other clinical risk factors as the independent variables with serum amylase levels as the dependent variable in the participants. These independent factors included age, sex (female), BMI, SDP, DBP, hypertension (no = 0, yes = 1), moderate drinking (no = 0, yes = 1), smoking (no = 0, yes = 1), time since the diagnosis of diabetes, TG, TC, HDLC, LDLC, UA, eGFR, HbA1c and ISSI-2. ISSI-2 was the major independent contributor to the serum amylase levels (standardized coefficient β = 0.416, t = 21.72, p<0.001, partial R 2 = 16.5) ( Table 4) .
Multivariate linear regression analysis to investigate the mean differences in ISSI-2 between the quartiles of the amylase levels
Meanwhile, a multivariate linear regression analysis was also applied to investigate the differences in ISSI-2 between the quartiles of the amylase levels. By comparing the groups with the highest (Q4) and lowest (Q1) quartiles of serum amylase levels, the mean difference in logtransformed ISSI-2 was 0.902 (95% CI 0.823 to 0.982), and after adjusting for anthropometric indices and metabolic risk factors, the adjusted mean difference in log-transformed ISSI-2 was 0.610 (0.537 to 0.683) ( Table 5) . 
Discussion
In the present study, we investigated the association of the serum amylase levels with insulin secretion, insulin sensitivity and integrated islet β cell function derived from the OGTT in a large Chinese population with early type 2 diabetes. Insulin secretion, insulin sensitivity and integrated islet β cell function were measured by the ISI Matsuda , AUC ins/glu and ISSI-2, respectively. The strengths of our study showed that the serum amylase levels in a normal range were positively associated with ISSI-2, ISI Matsuda and AUC ins/glu , but the association of the serum amylase levels with ISSI-2 was closer than the association with ISI Matsuda and AUC ins/glu . The relationship between the serum amylase levels and ISSI-2 remained significant, even after adjusting for multiple metabolic risks in the multivariate regression analysis. The association of the serum amylase levels with insulin sensitivity and insulin secretion
Previous studies in animals had provided data indicating there was an insulin-pancreatic acinar axis that played a major role in pancreatic function [18] [19] [20] . These studies showed that low serum insulin levels were accompanied by a reduction in the serum amylase levels, and this reduction was reversed after insulin injections in the diabetic rats. Moreover, a recent clinical study supported the close relationship between the endocrine and exocrine pancreas. A community-based study by Nakajima et al. [21] showed that low serum amylase levels may reflect an increased risk of metabolic abnormalities and abnormal glucose metabolism, which were associated with insulin resistance and impaired insulin secretion. In a cross-sectional study of asymptomatic middle-aged adults by Muneyuki et al. [10] , low serum amylase levels were associated with decreased basal insulin levels and insulin secretion. The results of our study showed that the serum amylase levels were positively associated with insulin secretion, as measured by AUC ins/glu , and insulin sensitivity, as measured by ISI Matsuda , in type 2 diabetic patients, even after adjusting for anthropometric indices and metabolic risk factors. Our study of a large population with type 2 diabetes was consistent with previous studies in asymptomatic subjects [10, 21] . Therefore, the serum amylase levels were positively associated with insulin secretion and insulin sensitivity in both asymptomatic subjects and type 2 diabetic patients.
The association of the serum amylase levels with integrated islet β cell function
The serum amylase levels may also be a potential biomarker that is closely connected to overall islet β cell function. The observed association of the serum amylase levels in the normal range with ISSI-2 was closer than the association with ISI Matsuda and AUC ins/glu in our study. As recommended by Retnakaran et al. [13, 14] , ISSI-2 was shown to be a potential OGTT-based measure of β cell function. ISSI-2 was the major independent contributor to the serum amylase levels after the multivariate linear stepwise regression analysis. Meanwhile, the mean differences in ISSI-2 were significant when comparing groups with different quartiles of amylase levels, even after adjusting for other metabolic risk factors. The study of Muneyuki et al. [10] showed that low serum amylase levels were associated with the plasma insulin levels at 0 and 60 min during the OGTT, indicating that low serum amylase levels may be associated with low insulin action in the basal status and for up to 60 min after glucose loading. The strength of our study showed that the serum amylase levels were closely associated with ISSI-2, which contained whole-body insulin sensitivity and total insulin secretion at all times (120 min) after glucose loading. Further study is needed to investigate the role of the improvement of ISSI-2 in the changes in the serum amylase levels and determine whether there is a causal relationship between the serum amylase levels and ISSI-2.
The relationship between the amylase levels and other metabolic risk factors
Serum amylase levels may relate to other metabolic risk factors that are associated with impaired insulin secretion and insulin action. The results from previous studies suggested that low serum amylase levels were significantly associated with BMI, blood pressure, γ-glutamyltransferase levels, TG levels, fasting plasma glucose levels, serum adiponectin levels, non-alcoholic fatty liver disease and metabolic syndrome [22] [23] [24] . HbA1c, which determines the overall glycemic levels by integrating both fasting and postprandial hyperglycemia [25] , was not reported to associate with the serum amylase levels [10] . However, in the present study, HbA1c was negatively associated with the serum amylase levels (r = -0.267) ( Table 3) . After the multivariate regression analysis, HbA1c was not an independent contributor to the serum amylase levels, possibly because HbA1c was closely related to ISSI-2 (r = -0.642). Hyperglycemia may exert a toxic effect on acinar amylase secretion and cause an apparent diminution of the exocrine reserves, suggesting an association between low circulating amylase levels and poor glycemic control [26] . Our study also indicated that sex, BMI, eGFR, and smoking were also independent contributors to the serum amylase levels. Smoking was risk for type 2 diabetes [27] and may latently correlate with the serum amylase levels. These findings enhanced the strengths of this study by showing that the serum amylase levels were closely associated with endocrine and metabolic diseases.
The possible mechanisms by which insulin regulates amylase production
The basal mechanisms by which insulin regulates amylase production by pancreatic acinar cells had been addressed in previous studies [28] [29] [30] . Insulin acts by binding to its own receptor on acinar cells, leading to the stimulation and potentiation of amylase secretion through multiple signaling pathways, including regulation of amylase gene transcription and stimulation of the synthesis of the corresponding protein in acinar cells [31] . Patel et al. [30] showed that insulin could stimulate amylase release from acinar cells in healthy and diabetic rats, but with a much-reduced effect in diabetic rats. Moreover, studies in patients with diabetes mellitus showed pancreatic exocrine tissue fibrosis and a reduced response to hormonal stimulation [31, 32] . Our present study showed that the low serum amylase levels were associated with impaired insulin secretion and insulin action in type 2 diabetes. The pathophysiological mechanisms of type 2 diabetes were a deficiency in both islet β cell secretion and impaired insulin action [33] , which in turn may be responsible for decreasing basal serum amylase secretion.
Limitations
It should be noted that our study has some limitations. First, it is a cross-sectional observational study that cannot definitively comment on the causality of the associations between the serum amylase levels and islet β cell function. Prospective longitudinal studies are needed to evaluate the cause-effect relationship. Second, the cross-sectional study was performed in a Chinese population, and our findings may lack generalizability to other populations. Third, the circulating insulin levels during the OGTT may be affected by other factors in addition to β cell function, such as incretin hormones and hepatic extraction. These two factors may limit the degree to which the insulin levels during the OGTT can reflect β cell function. Fourth, serum amylase can be classified as a pancreatic-type and salivary-type amylase, and our study does not distinguish between the two types for clinical relevance analysis. However, to our knowledge, few studies distinguish between the two types of amylase for further clinical analysis.
Conclusions
In summary, the serum amylase levels in the normal range are positively associated with integrated islet β cell function in patients with early type 2 diabetes, as assessed by ISSI-2, even after adjusting for anthropometric indices and other metabolic risk factors. Serum amylase levels may be a potential biomarker that is closely connected to overall islet β cell function. 
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